Abstract: A triple-band low-profile planar antenna is developed for wireless applications. The triple-band planar antenna consists of a two-strip monopole for the 2-GHz band, a horizontal monopole for the 3.5-GHz band, and a vertical monopole for the 5-GHz. The planar antenna is printed on a very thin substrate (0.254 mm in thickness) with a very low profile (8 mm in height). The antenna achieves a bandwidth of ~35% at the 2-GHz band, ~10% at the 3.5 GHz, and ~15% at the 5-GHz band, which may find applications in wireless/mobile devices.
I. INTRODUCTION
Recently, WiMAX (Worldwide Interoperability for Microwave Access) has become a fast-growing wireless technology that provides high-throughput broadband connections over long distances. The most likely spectrum allocation for WiMax standards (e.g., IEEE 802.16) will be around 3.5 GHz. Therefore, the future mobile devices should also include the 3.5-GHz band in addition to the 2-GHz band (~30%) for the DCS-1800 (DCS 1710-1880 MHz), PHS-1900 (1895 -1918 , PCS-1900 PCS- (1850 PCS- -1990 MHz), IMT-2000/UMTS (1885-2200 MHz) for mobile communications, and the 5-GHz UNII band (~12%) for wireless LANs (5.15-5.875 GHz). This means that a triple-band antenna is desirable. In recent years, a lot of low-profile multi-band antennas have been developed for wireless applications [1]- [6] . Unfortunately, these multi-band antennas have a narrow bandwidth at the lower-frequency band and do not include the 3.5-GHz band. In this paper, we present a triple-band low-profile planar antenna which can cover the 2-GHz band, the 3.5-GHz band, and the 5-GHz band. The height of the antenna is only 8 mm, which is suitable for a wireless mobile device.
II. ANTENNA CONFIGURATION
The configuration of a triple-band planar antenna is illustrated in Fig. 1 . The design of the antenna is based on an RT/Duroid 5880 planar substrate that has a dielectric constant of ε r =2.2 and a thickness of t=10 mils (0.254 mm). The triple-band antenna consists of a two-strip monopole for the 2-GHz band, a horizontal monopole for the 3.5-GHz band, and a vertical monopole for the 5-GHz band. The two-strip monopole is composed of an S-strip and a T-strip. The T-strip with the horizontal and vertical monopoles is printed on the front side of the Duroid The upper section (its width=W T and its height=H T ) of the Tstrip is fitted (leaving a space of w s ) into an area surrounded by the upper section (its width=W S ) of the S-strip (its strip width=w s ) while the lower section of the T-strip overlaps with the lower section of the S-strip, forming a two-strip line. The width of the two-strip line is equal to the width (w f ) of the 50-Ω microstrip line. The total height of the triple-band antenna is equal to the height (H) of the two-strip monopole. The vertical monopole is equally divided into a wider upper part (its width=W U and its height=H/2) and a narrower lower part (its width=W L and its height=H/2) which is connected to the 50-Ω microstrip line through a narrower microstrip line (its width=w c and its length is equal to the total width (W p ) of the planar monopole). The horizontal monopole is formed by extending the lower section of the T-strip. The total width (W) of the triple-band antenna is equal to the sum of the widths of the two-strip monopole (W S ) and the vertical monopole (W P ), and the length (L H ) of the horizontal monopole, i.e., W=W S +W P +L H . There is no direct electrical connection (e.g., by a shorting via) between the front side and the backside.
III. RESULTS
The triple-band planar antenna was simulated using the TLM (transmission line matrix) based design tool−MicroStripes 7.0. To verify the performance of the triple-band antennas, a prototype was fabricated and measured. The antenna was fabricated on a 10-mil-thick RT/Duroid 5880 substrate with 0.5 oz copper on both sides by wet etching process. This process is based on standard double-side lithography using Karl Suss MA-6 Mask Aligner which is capable of backside alignment. Some alignment markers were printed on both sides to aid the backside alignment. After the photoresist was patterned and developed on both sides, the unwanted copper was removed by the 30% FeCl 3 saturated solution. For the purpose of measurement, the antennas are connected to a 0.085′′ semi-rigid coaxial cable at the center of the ground plane. After adopting this feeding strategy, the measurement results became quite stable. The simulated and measured results for return loss are compared in Fig. 2 . Good agreement is observed. The measured bandwidths are found to be 32% (1.54-2.14 GHz) at the 2-GHz band, 9% (3.46-3.8 GHz) at the 3.5 GHz band, and 17% (4.86-5.80 GHz) at the 5-GHz band, respectively.
The radiation pattern of the triple-band antenna almost has no significant change over each frequency band. Therefore, we only plot the patterns at the center frequencies for each frequency band (i.e., 1.8 GHz for the 2-GHz band, 3.6 GHz for the 3.5-GHz band,, and 5.4 GHz for the 5-GHz band). The radiation pattern in the 2-GHz band has a figure-eight configuration in the x-z and y-z planes, and an omni-directional shape in the x-y plane, similar to the radiation pattern of a dipole. The radiation pattern in the 3.5-GHz band exhibits two main lobes in the x-z and y-z planes due to the 2nd-order mode excited in the two-strip monopole. The radiation pattern in the 5-GHz band has three main lobes in the x-z and y-z planes due to the 3rd-order mode excited in the two-strip monopole. In the 2-GHz band, the peak gain is found to be around 2 dBi while in the 3.5-GHz and 5-GHz bands the peak gain is increased to about 4 dBi because of the increased directivity. The simulated radiation efficiency is higher than 95%. (A conductivity of σ=5.8×10 7 S/m for the metal and a loss tangent of tanδ=0.0009 for the dielectric substrate were used in the simulation.), which means that the triple-band planar antenna is a highly efficient radiator.
IV. CONCLUSION
A triple-band low-profile planar antenna has been developed for wireless applications. The triple-band antenna has a height of only 8 mm. It has been demonstrated that the low-profile planar antenna can achieve a bandwidth of 32% (1.54-2.14 GHz) at the 2-GHz band, 9% (3.46-3.8 GHz) at the 3.5 GHz band, and 17% (4.86-5.80 GHz) at the 5-GHz band. This antenna may find wide applications for mobile phones, WLAN, and WiMax handsets. 
